SLURRY BUBBLE REACTOR OPERATED IN WELL-MIXED GAS FLOW REGIME 



CROSS-REFERENCE TO RELATED APPLICATIONS 
Not applicable. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

Not applicable. 

TECHNICAL FIELD OF THE INVENTION 
[0001] The present invention relates to a process for the preparation of hydrocarbons from 
synttiesis gas, z.e, a mixture of carbon monoxide and hydrogen, typically labeled the Fischer- 
Tropsch process. More particularly, this invention relates to slurry bubble reactors that can 
maximize the production rate and/or reduce the reactor volume in a Fischer-Tropsch process. 
Still more particularly, this invention relates a method that provide the optimum design and 
operation of slurry bubble reactors that can maximize the production rate and/or reduce the 
reactor volume in a Fischer-Tropsch process, 

BACKGROUND 

[0002] Large quantities of methane, the main component of natural gas, are available in many 
areas of the world, and natural gas is predicted to outlast oil reserves by a significant margin. 
However, most natural gas is situated in areas that are geographically remote from population 
and industrial centers. The costs of compression, transportation, and storage make its use 
economically unattractive. To improve the economics of natural gas use, much research has 
focused on the use of methane as a starting material for the production of higher hydrocarbons 
and hydrocarbon liquids, which are more easily transported and thus more economical. The 
conversion of methane to hydrocarbons is typically carried out in two steps. La the first step, 
methane is converted into a mixture of carbon monoxide and hydrogen (i.e., synthesis gas or 
syngas), hi a second step, the syngas is converted into hydrocarbons, 

[0003] This second step, the preparation of hydrocarbons from synthesis gas, is well known in 
the art and is usually referred to as Fischer-Tropsch synthesis, the Fischer-Tropsch process, or 
Fischer-Tropsch reaction(s). Fischer-Tropsch synthesis generally entails contacting a stream of 
synthesis gas with a catalyst under temperature and pressure conditions that allow the synthesis 
gas to react and form hydrocarbons. 
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[0004] More specifically, the Fischer-Tropsch reaction is the catalytic hydrogenation of carbon 
monoxide to produce any of a variety of products ranging from methane to higher alkanes and 
aliphatic alcohols. Research continues on the development of more efficient Fischer-Tropsch 
catalyst systems and reaction systems that increase the selectivity for high-value hydrocarbons 
in the Fischer-Tropsch product stre^. 

[0005] Originally, the Fischer-Tropsch synthesis was carried out in packed bed reactors. These 
reactors have several drawbacks, such as temperature control, that can be overcome by gas- 
agitated slurry reactors or slurry bubble column reactors. Gas-agitated multiphase reactors 
sometimes called "slurry reactors" or "slurry bubble columns," operate by suspending catalytic 
particles in liquid and feeduig gas reactants into the bottom of the reactor through a gas 
distributor, which produces small gas bubbles. As the gas bubbles rise through the reactor, the 
reactants are absorbed into the liquid and difiiise to the catalyst where, depending on the 
catalyst system, they are typically converted to gaseous and liquid products. The gaseous 
products formed enter the gas bubbles and are collected at the top of the reactor. Liquid 
products are recovered from the suspending liquid by using different techniques like filtration, 
settling, hydrocyclones, magnetic techniques, etc. Gas-agitated multiphase reactors or slurry 
bubble column reactors (SBCRs) inherently have very high heat transfer rates; therefore, 
reduced reactor cost and the ability to remove and add catalyst online are principal advantages 
of such reactors in Fischer-Tropsch synthesis, which is exothermic. Sie and Krishna (Appl. 
Catalysis A: General 1999, 186, p. 55) give a history of the development of various Fischer 
Tropsch reactors and the advantages of slurry bubble columns over fixed bed reactors. 
[0006] It is clear from the prior art that the performance of a SBCR is a combined result of 
reaction kinetics, heat and mass transfer, and multiphase hydrodynamics. Jackson, Torczynski, 
ShoUenberger, O'Hem, and Adkins (Proc. Annual Int. Pittsburgh Coal Conf 1996, 13* (Vol 2), 
p. 1226) showed experimental evidence of the increase of gas hold up with increase in the inlet 
superficial velocity in a SBCR for Fischer Tropsch synthesis. Krishna, DeSwart, EUenberger, 
Martina, and Maretto (AIChE J. 1997, 43(2), p. 311) measured experimentally the increase in 
gas holdup with an increase in the gas velocity and solids concentration in a slurry bubble 
column in chum turbulent regime. Letzel, Schouten, Krishna and van den Bleek (Chem. Eng. 
Sci 1999, 54, p. 2237) developed a simple model for gas holdup and mass transfer at high 
pressure in a slurry bubble column. Numerically, Sanyel, Vasquez, Roy, and Dudukovic 
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(Chem. Eng. Sci. 1999, 54, p. 5071) and Pan, Dudukovic, and Chang (Chem. Eng. Sci. 1999, 
54, p. 2481) showed examples of computational fluid dynamic modeling and optimization of a 
slurry bubble column reactor irrespective of the chemistry. Wu and Gidaspow, (Chem. Eng. Sci 
2000, 55, p. 573) show examples of computational fluid dynamics simulations of 
hydrodynamics of Slurry Bubble Column processes. 

[0007] Much previous work has been aimed at optimization of the slurry bubble column system 
for Fischer Tropsch and other chemistries. Stem et al. (Ind. Eng. Chem. Process Pes. Dev. 
1985, 25, p. 1214 ) developed an axial dispersion model for describing the performance of gas 
agitated multiphase reactor used for Fischer-Tropsch synthesis. Saxena (Cat. Rev. -Sci. Eng. 
1995 37, p. 227) gives a review of the detailed experimental findings and theoretical models for 
the design of a Fischer Tropsch SBCR. It is clear jfrom all the work in industry and academia 
that there is a need for an optimized Fischer Tropsch reactor and reactor configuration. 
[0008] Considerable patent literature addresses the optimization of the Fischer Tropsch Slurry 
Bubble Column reactor (SBCR) and the overall system. US 5,252,613 presents a method for 
improving catalyst particle distribution by introducing a secondary suspending fluid. US 
5,348,982 shows an optimal mode of operation for SBCR. US 5,382,748 shows the use of a 
vertical downcomer to promote the uniform catalyst distribution. US 5,961,933 and US 
6,060,524 show that optimal operation can be obtained by introduction of liquid recirculation. 
[0009] The flow patterns of individual phases will affect the reactor performance. The plug 
flow and well-mixed flow are two extreme flow patterns for reactor systems. The 
dimensionless number, Pe, can be used to represent the degree of backmixing in plug flow. It is 
noted by Deckwer (Chem. Eng. Sci. 1976, 31, p. 39) that the gas dispersion is important in 
bubble columns of diameters greater than 0.5 m as it may have a strong influence on 
conversion. It is found that the gas dispersion is a function of the gas holdup, superficial gas 
velocity, and reactor diameter. In the gas-liquid-solid three phase reactor, the gas holdup 
depends on many factors such as gas and liquid velocities, gas distributor design, column 
geometry, physical properties of the gas and liquid, particle concentration, and reactor internals. 
Therefore, the gas dispersion coefficient is also a complicated fimction of these design and 
operating parameters. Usually, it is necessary to perform an in situ measurement to determine 
the dispersion coefficient at a given condition. 
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[0010] us 5,348,982 described the plug flow to be the preferred optimum operating condition 
for the Slurry Bubble Column reactor in Fischer-Tropsch synthesis. The '982 patent teaches 
that the gas velocity should be larger than 0.2Dg/H, which corresponds to the gas Peclet number 
larger than 0.2. The concept taught in the '982 patent is that the reactor volume required to 
achieve a high conversion using plug flow is significantly less than the volume required using 
well mixed flow. It is clear that the plug flow favors the high conversion for the FT synthesis. 
However, the extent of the backmixing is a function of the mechanical energy imported into the 
system. To maintain a plug flow for achieving the high conversion requires the use of a lower 
gas input into the reactor, which in turn reduces the reactor productivity significantly. 
[0011] It is believed that a significant improvement of the optimization of the SBCR for the 
Fischer-Tropsch synthesis is achievable using the concepts disclosed herein. 
[0012] The flow pattem of the gas phase in the reactor can be described by the gas Peclet 
number, which has the form PeG = UgL/DG, where Ug is the superficial gas velocity, L is the 
expanded slurry bed height, and DG is the dispersion coefficient. The dispersion coefficient is a 
function of the superficial gas velocity, gas holdup, and the reactor diameter. The gas Peclet 
number increases with the increase of gas velocity and the reactor aspect ratio, L/D. The 
change of the gas Peclet number with the superficial gas velocity at three reactor aspect ratios is 
shown in Figure 1 . As shown in Figure 1, for a given reactor aspect ratio, the gas Peclet number 
decreases with the increase of the superficial gas velocity. If the reactor has a small aspect ratio, 
the gas phase will be in the well-mixed flow at most of the commercial gas flow rate. For a 
large aspect ratio reactor, the gas phase will be in the well-mixed regime at high gas velocity 
while in the plug flow regime at low gas velocity. The superficial gas velocity required to 
achieve the well-mixed gas flow decreases with the decreasing of reactor aspect ratio. 

SUMMARY OF THE INVBNTION 
[0013] A preferred embodiment of the present invention provides a method for the synthesis of 
hydrocarbons using cobalt catalysts in a three-phase reactor that gives high catalyst productivity 
and reactor capacity. The method defines the optimum design and operation of the three-phase 
reactor to be in the well-mixed gas flow regime, with a gas Peclet number, calculated as 
described above, less than 0.175 and a single pass conversion ranging from 35% to 75%, 
wherein the inlet superficial gas velocity decreases with the decreasing of the reactor aspect 
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ratio, and is preferably at least 20 cm/sec. Inlet superficial gas velocity is defined herein as the 
superficial gas velocity using the inlet reactor conditions, that is, the total gas volumetric flow 
rate at reactor inlet temperature and pressure divided by the cross sectional area of the reactor 
vessel, excluding the area occupied by any internals. In accordance with the preferred 
embodiments, the present reactor system comprises at least one stage with recycle or multiple 
stages with or without recycle, wherein the inlet gas superficial velocity is at least 20 cm/sec, 
and overall syngas conversion is at least 90%, while syngas per stage conversion in each reactor 
ranges fi'om 35% to 75%. 

[0014] It is illustrated in the present invention that high catalyst productivity and reactor 
capacity can be achieved by operating at a high gas input and an intermediate single pass 
conversion. At a high gas input, the gas phase will be in weU-mixed flow regime. However, at 
the intermediate conversion range, say conversion fi:om 35% to 75%o, the reactor volume 
required for the well-mixed gas flow is close to that for the plug flow regime. There are many 
advantages of choosing the well-mixed gas regime for the FT synthesis as shown in the current 
invention. 

[0015] The present invention provides a gas-agitated multiphase reactor system that is effective 
for enabling maximum reactor productivity and/or minimizing reactor volume. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] For a detailed description of the preferred embodiments of the present invention, 
reference will now be made to the accompanying Figures, wherein: 

Figure 1 is a plot illustrating the change in gas Peclet number with the superficial gas 
velocity at different reactor aspect ratios; 

Figure 2 is a plot illustrating increasing gas holdup with increasing of superficial gas 
velocity; 

Figure 3 is a plot illustrating decreasing syngas conversion with increasing of superficial 
gas velocity; 

Figure 4 is a plot illustrating increasing productivity with increasing of superficial gas 
velocity. 

Figure 5 is a plot illustrating increasing the change in space-time yield with increasing 
of superficial gas velocity. 
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Figure 6 is a schematic illustration of a prefen'ed embodiment of the present invention; 

Figure 7 is a plot illustrating the effect of the gas Peclet number on catalyst productivity 
at different aspect ratios; 

Figure 8 is a plot illustrating the effect of the gas Peclet number on space time yield; 

Figure 9 is a plot illustrating the effect of the gas Peclet number on syngas conversion; 

Figure 10 is a plot illustrating the effect of the gas Peclet number on outlet H2O p^al 
pressure; and 

Figure 11 is a plot illustrating the effect of the gas Peclet number on the allowable 
change of cooling temperature. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 
[0017] It has been discovered that, in a gas-agitated slurry reactor or slurry bubble column 
reactor, a maximum reactor productivity or a minimum reactor volume can be achieved by 
operating a multi-phase reactor to be in the well-mixed gas flow regime, with a gas Peclet 
number less than 0.175 and a single pass conversion ranging from 35% to 75%, wherein the 
inlet superficial gas velocity decreases with the decreasing of the reactor aspect ratio, and is 
preferably at least 20 cm/sec. Unreacted gas can be either fed to another reactor or be recycled 
back to mix with the inlet gas stream. 

[0018] The preferred embodiment of the present invention is the Fischer-Tropsch synthesis of 
hydrocarbon using supported or precipitated cobalt catalysts. The catalysts may contain 
additional promoters comprising Group I, II, V, or VII metals. The catalyst contains about 1% 
to 100 % cobalt. Cobalt catalysts have a high activity and selectivity for the Fischer-Tropsch 
synthesis. The kinetic expression given by Yates and Satterfield (Energy and Fuels, (1991) 5, 
168-173) can be used to evaluate the performance of slurry bed reactor using Cobalt catalysts 
when combined with the hydrodynamics and mass transfer predictions. 

[0019] At a given reactor geometry and operating conditions, the productivity of a SBCR is 
related to the flow pattem as well as the catalyst activity. For a given catalyst, and therefore for 
a given activity, the reactor productivity changes with the gas flow rate at the reactor inlet. As 
illustrated in Figure 2, a high gas flow rate corresponds to a high gas holdup in the reactor. 
Increased gas holdup tends to reduce the slurry volume and the gas residence time in the 
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reactor. Therefore, the conversion of the reactor decreases with the increase in superficial inlet 
gas velocity, as shown in Figure 3. 

[0020] On the other hand, a higher gas flow rate gives a higher mass transfer rate and a larger 
gas-liquid contact area, which each contribute to a high productivity, as shown in Figure 4 for 
the catalyst productivity and Figure 5 for the reactor space-time yield. An optimum solution 
can be found based on the facts that the conversion decreases and the catalyst productivity and 
space-time yield increase with the increase of inlet gas flow rate. Heretofore, the interaction 
between reactor variables and the way in which the overall reactor system is configured has not 
been understood. 

[0021] Thus, for a practical appUcation of the Fischer-Tropsch technology, the productivity of 
the reactors per unit volume is much higher at high gas superficial velocity. We have 
discovered that the objective therefore is not to operate under conditions conducive to high per 
pass conversion, but under conditions with a high productivity per reactor volume or per unit 
mass of catalyst. This high productivity region is linked to high gas superficial velocities, as 
shown in Figure 4. The parameters associated with the gas superficial velocity, and by 
definition with the gas dispersion coefficient, are therefore critical for the successfiil application 
of the slurry bed reactor FT technology. As can be seen from Figures 4 and 5, the gain in 
volumetric productivity vs. linear velocity increases linearly up to about 20 cm/s. This gives a 
preferred lower limit with regard to the superficial gas velocity for the optimum operating and 
design of a slurry bed reactor for FT synthesis. 

[0022] Referring now to Figure 6, a preferred embodiment of the invention includes a system 
500 comprising a first stage of sluixy reactors in parallel 510, a second stage of slurry reactors 
520, a third stage of slurry reactors 530, and a fourth stage of slurry reactors 540, a condenser 
515 between first stage 510 and second stage 520, a condenser 525 between second stage 520 
and third stage 530, and a condenser 535 between the third stage 530 and fourth stage 540. First 
stage 510 preferably comprises two slurry reactors 512 and 514; second stage 520 preferably 
comprises one slurry reactor 522; and third stage 530 and fourth stage 540 each comprise 
preferably one slurry reactor 532 and 542 respectively. The syngas conversion is 52%, 40%, 
42%, and 42% in the first, second, third, and fourth stages, respectively. The overall syngas 
conversion of this example is 90%. This is a non-restrictive example. As the per stage syngas 
conversion increases, the number of stages necessary to achieve an overall syngas conversion of 
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at least 90 % decreases. The process can also use just one reactor/stage with single pass 
conversion ranging from 35% to 75% and still achieve the overall conversion of naore than 
90%, preferably by using recycle. 
Operation 

[0023] According to one preferred embodiment, a slurry bed reactor operates at a gas Peclet 
number less than 0.175, more preferably less than 0.15, and still more preferably less than 0.12, 
with a single pass conversion from 35% to 75%, the superficial gas velocity greater than 20 
cm/s, and the total conversion being larger than 90% with recycle. Alternatively, multiple 
stages of slurry bed reactors can be used, with each stage operating at a per pass conversion less 
than 75%, with or without recycle, and with a total conversion greater than 90%. 
[0024] In a preferred mode of operation, the reactor in the preferred Fischer-Tropsch systems 
contain catalysts material and are charged with feed gases comprising hydrogen or a hydrogen 
source and carbon monoxide. H2/CO mixtures suitable as a feedstock for conversion to 
hydrocarbons according to the process of this invention can be obtained from light 
hydrocarbons such as methane by means of steam reforming or partial oxidation. The hydrogen 
is preferably provided by free hydrogen, although some Fischer-Tropsch catalysts have 
sufficient water gas shift activity to convert some water to hydrogen for use in the Fischer- 
Tropsch process. It is preferred that the mole ratio of hydrogen to carbon monoxide in the feed 
be greater than 0.5:1 (e.g., from about 0.67:1 to 2.5:1). The feed gas may also contain carbon 
dioxide or other compounds that are inert under Fischer-Tropsch reaction conditions, including 
but not limited to nitrogen, argon, or light hydrocarbons. The feed gas stream should contain a 
low concentration of compounds or elements that have a deleterious effect on the catalyst. The 
feed gas may need to be treated to ensure low concentrations of sulfur or nitrogen compounds 
such as hydrogen sulfide, ammonia and carbonyl sulfides. 

[0025] The feed gas is contacted with the catalyst in a reaction zone in each reactor. 
Mechanical arrangements of conventional design may be employed in the reaction zone. Also, 
water partial pressure should be kept to a minimum. The water partial pressure is calculated as 
the mole fraction of water in the reactor outlet gas multiplied by the total outlet pressure of the 
reactor in a particular stage. 

[0026] The process is typically run in a continuous mode. In this mode, typically, the gas 
hourly space velocity through the reaction zone may range from about 50 volumes/hour/volume 
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expanded catalyst bed (v/hr/v) to about 10,000 v/hr/v, preferably from about 300 v/hr/v to about 
2,000 v/hr/v. The gas hourly space velocity is defined at the standard condition where the 
pressure is 1 bar and temperature is 0 degree centigrade. The reaction zone temperature is 
typically in the range from about 160°C to about 300°C. Preferably, the reaction zone is 
operated at conversion promoting conditions at temperatures from about 190°C to about 260""^ 
The reaction zone pressure is preferably in the range of from about 80 psig (653 kPa) to about 
1000 psig (6994 kPa), more preferably from 80 psig (653 kPa) to about 600 psig (4237 kPa), 
and still more preferably, from about 140 psig (1066 kPa) to about 500 psig (3497 kPa). 
[0027] The reaction products will have a large range of molecular weights. Catalysts are useftd 
for making hydrocarbons having five or more carbon atoms, especially when the above- 
referenced space velocity, temperature and pressure ranges are employed. 
[0028] The wide range of hydrocarbon species produced in the reaction zone will typically 
result in liquid phase products at the reaction zone operating conditions. Therefore, the effluent 
stream of the reaction zone will often be a mixed phase stream. The effluent stream of the 
reaction zone may be cooled and passed into a vapor-liquid separation zone to condense the 
light hydrocarbons and to condense and remove water. The vapor phase material may be 
passed into a second stage of cooling for recovery of additional hydrocarbons and removal of 
more water. The liquid phase material from the initial vapor-liquid separation zone together 
with any liquid from a subsequent separation zone may be fed into a fractionation column. 
Typically, a stripping column is employed first to remove Ught hydrocarbons such as propane 
and butane. The remaining hydrocarbons may be passed into a fractionation column wherein 
they are separated by boiling point range into products such as naphtha, kerosene and fiiel oils. 
Hydrocarbons recovered from the reaction zone and having a boiling point above that of the 
desired products may be passed into conventional processing equipment such as a 
hydrocracking zone in order to reduce their molecular weight The gas phase recovered from 
the reactor zone effluent stream after hydrocarbon recovery and water removal may be partially 
recycled if it contains a sufficient quantity of hydrogen and/or carbon monoxide. 
Examples 

[0029] The following theoretical examples illustrate how the present invention conversion rates 
comparable to current commercial slurry reactors for the Fischer-Tropsch process can be 
achieved at a lower cost by operating the system in the well-mixed gas flow regime, as 
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indicated by a very low Peclet number, md thereby maximizing reactor productivity or 
minimizing reactor volume. 

Example 1: High catalyst productivity and space time yield at low gas Peclet number (thus, a 
well-mixed gas flow regime). 

[0030] Figure 7 shows the effect of the Peclet number on catalyst productivity at different 
aspect ratios. It is shown that the productivity decreases with an increase in the gas Peclet 
number. The higher catalyst productivity requires less catalyst to achieve the certain 
conversion. 

[0031] Similarly, as shown in Figure 8 , the space time yield decreases significantly with the 
increase of the Peclet number. It is also clear from Figure 8 that a lower gas Peclet number is 
directly related to a lower reactor volume needed to achieve the same product yields. 

Example 2: Intermediate syngas conversion in a well-mixed gas flow regime. 
[0032] Figure 9 illustrates the effect of the gas Peclet number on syngas conversion at different 
aspect ratios. Combining this analysis with the results of catalyst productivity and space time 
yield (Figures 7 and 8 ), we have found that an optimum design of the slurry bed reactor falls in 
the low Peclet number with the intermediate syngas conversion. 

Example 3. Lower H2O partial pressure and therefore lower catalyst deactivation rate. 
[0033] As shown in Fig. 10 , the outlet H2O partial pressure increases with an increase in the 
gas Peclet number. The high H20 partial pressure gives a high catalyst deactivation rate for 
most FT synthesis, which is undesirable. Hence, a FT slurry bed reactor at well-mixed gas flow 
gives a lower H2O partial pressure and therefore less catalyst deactivation rate and longer 
catalyst Ufe. 

Example 4. Improved temperature control, relatively larger range of operating window with 
respect to temperature. 

[0034] The Fischer-Tropsch synthesis is a highly exothermic reaction. Meanwhile, the catalyst 
activity and deactivation rate are sensitive to the reaction temperature. When the temperature is 
larger than 250°C, significant catalyst deactivation occurs. On the other hand, at a temperature 
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lower than 200''C, the catalyst activity is low. It is found that a small change in cooling 
temperature can lead to a significant temperature variation in the reactor if the reactor is 
operated in the plug flow regime. In contrast, the change in cooling temperature leads to a 
smaller temperature variation in the reactor if the reactor is operated in the well-mixed flow 
regime. Assuming, for purposes of illustration, that the maximum allowable temperature 
variation in the reactor is 20°C, so as to keep the catalyst from higher deactivation rate at higher 
temperature or lower activity at lower temperature, the allowable change in cooling temperature 
decreases with the increase of the Peclet number, as shown in Fig. 1 1 . Only very small 
changes in the coohng temperature (0.1 to VC) are allowable in the plug flow regime, which 
makes the heat transfer equipment difficult to design. 
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